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Abstract Using a confocal fluorescence microscope with an
avalanche photodiode as detector, we studied the fluorescence of
the tetramethylrhodamine labeled F1 part of the H+-ATPase
from Escherichia coli, EF1, carrying the QT106-C mutation
[Aggeler, J.A. and Capaldi, R.A. (1992) J. Biol. Chem. 267,
21355^21359] in aqueous solution upon excitation with a mode-
locked argon ion laser at 528 nm. The diffusion of the labeled
EF1 through the confocal volume gives rise to photon bursts,
which were analyzed with fluorescence correlation spectroscopy,
resulting in a diffusion coefficient of 3.3U10^7 cm2 s^1. In the
presence of nucleotides the diffusion coefficient increases by
about 15%. This effect indicates a change of the shape and/or the
volume of the enzyme upon binding of nucleotides, i.e.
fluorescence correlation spectroscopy with single EF1 molecules
allows the detection of conformational changes.
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1. Introduction
F0F1-ATP synthases occur in bacteria, mitochondria and
chloroplasts [1]. These enzymes catalyze ATP synthesis
coupled with a transmembrane proton £ux. They have two
large domains: a membrane integrated F0 part, which is in-
volved in proton transport, and a hydrophilic F1 part, which
contains the nucleotide binding sites. In Escherichia coli, the
F1 part contains ¢ve di¡erent subunits with the stoichiometry
K3L3QNO. Based on functional studies, it was suggested that the
catalytic nucleotide binding sites on the L-subunits operate in
a cyclic way, which is accomplished by subsequent ‘docking-
undocking’ steps of the Q-subunit to the three KL pairs. The
nucleotide binding and dissociation steps at the F1 part are
coupled in the holoenzyme via long range conformational
changes with proton binding, translocation and dissociation
steps in the F0 part (for review see [2]). In this work we
investigated conformational changes of the F1 part of the
ATP synthase from E. coli, EF1, which occur upon binding
and dissociation of nucleotides. We labeled a cysteine in the
Q-subunit of EF1 with tetramethylrhodamine and measured
the £uorescence of single molecules by confocal laser spectros-
copy [3]. From an analysis of the £uorescence bursts using
£uorescence correlation spectroscopy (FCS), the characteristic
time of di¡usion of the enzyme through the confocal volume
can be derived. We found that the di¡usion time changes
upon nucleotide binding and conclude that this re£ects struc-
tural changes in EF1. A preliminary report of this work has
been presented before [4].
2. Materials and methods
Strain pRA114/AN888, carrying the QT106-C mutation, is described
in Aggeler and Capaldi [5] and was a gift from these authors. EF1 was
isolated from the mutant strain as described [6] except that the ion-
exchange chromatography was performed on a HQ 20 FPLC column
(PerSeptive). Isolated EF1 was stored in liquid nitrogen until use.
The Q-subunit of EF1 was selectively labeled with substoichiometric
amounts of tetramethylrhodamine-5-iodoacetamide (TMRIA, Molec-
ular Probes) in 50 mM MOPS/HCl (pH 7.0) with 10% glycerol as
described [7]. EF1 concentrations were determined by UV absorption
using an extinction coe⁄cient of 190 730 M31 cm31 at 280 nm as
described [8]. Dye concentrations were determined using an extinction
coe⁄cient of 87 000 M31 cm31 at 543 nm. Unbound dye was removed
after 4 min reaction time by passing twice through Sephadex G50
centrifuge columns. The labeling of the Q-subunit was speci¢c as de-
termined by the £uorescence of the gel after sodium dodecylsulfate
polyacrylamide gel electrophoresis. The TMR labeled enzymes, TMR-
EF1, were stored at 380‡C.
Fluorescence measurements were done in 50 mM HEPES/NaOH
(pH 8.0) and 2.5 mM MgCl2 (bu¡er B) after removing £uorescent
impurities by activated charcoal granular (1.5 mm, Merck). TMR-EF1
aliquots were diluted to ¢nal concentrations of 10310 M. ATP and L,Q-
imidoadenosine-5P-triphosphate (AMPPNP) stock solutions (10 mM)
were prepared fresh in bu¡er B and were mixed with the diluted
TMR-EF1 solutions immediately before the £uorescence measure-
ments. TMR-glutathione was prepared by mixing TMRIA with a
100-fold excess of the tripeptide glutathione (Q-Glu-Cys-Gly, Sigma)
and diluted to a ¢nal dye concentration of 7U10311 M for single
molecule spectroscopy. Confocal £uorescence detection was per-
formed with an active mode locked argon ion laser (excitation wave-
length 528 nm, repetition rate 73 MHz) (Sabre, Coherent, Palo Alto,
CA) using an epi-illuminated confocal £uorescence microscope (Fig.
1) similar to that described previously [9,10] with a beam-splitter at
530 nm, a 150 Wm pinhole and a dichroic band-pass emission ¢lter
582/50 nm (AF Analysentechnik, Tuºbingen, Germany). The expanded
laser beam was attenuated to 530 WW and focused by a water immer-
sion objective (UPLANAPO 60U, NA = 1.2, Olympus) to an excita-
tion volume of a few femtoliters. The £uorescence signal was detected
by a single photon counting avalanche photodiode (AQ 151, EGpG,
Vaudreuil, Quebec, Canada). The multiplexed detector signal was
registered in parallel by a multichannel scaler (MCS) using a PC-
adapter counter (CIO-CTR05, Plug-in GmbH, Eichenau, Germany)
and by a real-time correlator card (ALV-5000/E, ALV, Langen, Ger-
many) for FCS. The laser focus and detection volume parameters
(radial and axial 1/e2 radius g0 = 0.65 Wm and z0 = 3.3 Wm, respec-
tively) were determined from FCS measurements of rhodamine 6G
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in pure water with a characteristic di¡usion time of tD = 0.38 ms (see
Table 1), assuming a translational di¡usion coe⁄cient of
D = 2.8U1036 cm2 s31 in water [11]. This corresponds to a detection
volume of V =Z1:5 g02 z0 = 7.7 £ and a focal area of A = Z/2
g02 = 6.7U1039 cm2 [12,13]. Thus, the excitation power of P = 530
WW is equivalent to a quasi-continuous focal irradiance of I0 = P/
A = 8U104 W/cm2 (see Fig. 1).
The samples were transferred to the microscope support by a micro-
scope slide with a small depression and covered with a conventional
cover glass. All measurements were performed at room temperature.
3. Results and discussion
Upon free di¡usion in the solution, the TMR-labeled EF1
enters the confocal detection volume, where the dye is excited
by the pulsed laser light and due to the high laser repetition
rate cycles continuously between the ground and excited states
(see Fig. 1). Fluorescence photons are emitted as bursts when
a single enzyme di¡uses through the confocal volume. At the
mean excitation irradiance of I0/2 = 4U104 W/cm2, the mean
number of photons emitted by a single TMR £uorophore in
water is about 106 before photobleaching occurs [14]. Since
the transit time of the labeled EF1 is about 3 ms, the molecule
can emit about 30 000 photons during this period [14]. Assum-
ing a detection e⁄ciency of about 3% [15], about 900 £uores-
cence photons should be detected from a single molecule
transit. Furthermore, the arrangement of the avalanche pho-
todiode with a 150 Wm pinhole allows the selective detection
of the £uorescence from the confocal volume with a strong
suppression of background £uorescence from other parts of
the solution (see Fig. 1).
Fig. 2 shows a MCS trace of TMR-EF1 (10310 M in bu¡er
B) to monitor the £uorescence signals (bursts) arising from
single TMR-EF1 molecules di¡using through the confocal de-
tection volume. The single bars of the MCS trace represent
the number of £uorescence photons counted by the avalanche
photodiode during an integration time of 1 ms. The trace
shows burst rates of up to 220 kHz, while a background level
of approximately 3 kHz is observed. This corresponds to a
signal-to-noise ratio of 70. The background signal mainly re-
sults from scattered light and partially from background £uo-
rescence of molecules outside the confocal detection volume.
Due to the spatially dependent laser excitation irradiance and
£uorescence collection e⁄ciency of the open detection volume,
the randomly di¡using molecules can either cross near the
edges or traverse the center of the volume. Therefore, an in-
homogeneous distribution of the number of detected £uores-
cence photons from a single molecule transit (burst size) is
obtained [15]. This can be seen in Fig. 2, where events of
di¡erent duration and with di¡erent count rates can be
seen. The inset in Fig. 2 shows a magni¢cation of a part of
the MCS trace, showing a molecule di¡using through the
center of the confocal detection volume (burst at 125 ms),
and one di¡using through the edge (burst at 110 ms), where
the excitation irradiance and, thus, the count rate is smaller.
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Fig. 1. Scheme of experimental setup for single molecule £uores-
cence detection. The pulsed laser beam (wavelength 528 nm) is fo-
cused through the microscope objective onto the sample. The £uo-
rescence of the sample molecules entering the confocal detection
volume is focused on a 150 Wm pinhole and detected by a single
photon counting avalanche photodiode.
Fig. 2. Multichannel scaler trace of £uorescence signals from EF1
labeled with tetramethylrhodamine. TMR-EF1 was diluted in 50
mM HEPES/HCl (pH 8), 2.5 mM MgCl2 to a concentration of
10310 M. Data acquisition was performed at a speed of 1000 points
per second (integration time 1 ms). The inset shows an expanded
view of two £uorescence bursts.
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FCS [12,13] was used to provide precise statistical data on
the number of molecules in the detection volume and on the
average di¡usion time of the molecules through the detection
volume. Analysis of the FCS data was performed with a least-
squares ¢t algorithm using the following expression of the
normalized autocorrelation function, G(tc), with the correla-
tion time tc.
Gtc  1 1NF
1
1 tc=tD
 
1
1 g0=z02tc=tD
 !1=2
U13T  T exp 3tc=tT A A exp 3tc=tA 1
NF is the average number of £uorescent molecules in the
Gaussian detection volume with the 1/e2 radii, g0 and z0, in
radial and axial direction, respectively, tD =g02/4D, the char-
acteristic time for translational di¡usion of the observed mol-
ecules with the di¡usion coe⁄cient, D, through the detection
volume, A the average fraction of molecules within a so-called
dynamic quenched state, tA the characteristic correlation time
of this quenched state and T the average fraction of molecules
in the excited triplet state with a characteristic triplet correla-
tion time, tT [11].
Fig. 3 shows the measured autocorrelation curves of TMR-
EF1 in the absence of nucleotides and in the presence of
AMPPNP together with the weighted residuals [16] of a ¢t
of the data to Eq. 1, indicating a very precise description of
the data by Eq. 1. The optical parameter (g0/z0) was deter-
mined by ¢tting the rhodamine 6G FCS data and ¢xed for all
subsequent ¢ts. All other parameters were allowed to vary
freely. The FCS data of pure rhodamine 6G and TMR-gluta-
thione (data not shown) could be described properly by an
autocorrelation function, G(tc), just using the di¡usion and
triplet terms of Eq. 1, i.e. the four parameters, NF, tD, T
and tT. In the case of TMR-EF1 the addition of the so-called
dynamic term, i.e. of the parameters A and tA, is necessary.
Obviously, this additional term, with parameters A and tA, in
Eq. 1 is only required for an optimal ¢t of the TMR-EF1 data
and, therefore, it re£ects a property of the £uorophore in the
protein environment. Table 1 shows the parameters of the
proper ¢ts of the FCS data from measurements of di¡erent
samples to G(tc).
From the concentrations, c, of the di¡erent solutions and
the size of the detection volume, V = 7.7 £ (see Section 2), an
average number of molecules, N = cUV, in this volume can be
calculated: TMR-EF1 solutions: N = 0.5, TMR-glutathione
solution: N = 0.32, rhodamine 6G solution: N = 4.6. These
estimations of N are in good agreement with the average
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Table 1
Results of the £uorescence correlation spectroscopy data analysis
Compound tT (Ws) T tD (ms) tA (ms) A NF
Rhodamine 6G 2.1 0.13 0.38 none none 5.10
TMR-glutathione 2.9 0.06 0.40 none none 0.26
TMR-EF1 5.7 0.10 3.2 0.16 0.03 0.60
TMR-EF1+ATP 5.0 0.11 2.6 0.11 0.05 0.37
TMR-EF1+AMPPNP 4.4 0.10 2.8 0.20 0.10 0.37
Parameters of a ¢t of the FCS data to Eq. 1: characteristic triplet correlation time, tT ; average fraction of molecules in the excited triplet state, T ;
characteristic time for translational di¡usion, tD ; average number of £uorescing molecules in the confocal detection volume, NF ; characteristic
correlation time of the ‘dynamic quenched’ state, tA ; and fraction of molecules in the ‘dynamic quenched’ state, A. The optical parameter (g0/z0)
was determined by ¢tting the FCS data of rhodamine 6G and ¢xed for all subsequent ¢ts. All other parameters were allowed to vary freely. The
estimated error for tD is 7%.
Fig. 3. Normalized £uorescence autocorrelation curves of TMR-EF1. Solid line: TMR-EF1 without added nucleotides. Dashed line: TMR-EF1
in the presence of 1mM AMPPNP normalized to the curve without nucleotides. The weighted residuals [16] from the ¢t of the data to Eq. 1
are shown at the bottom. Fit parameters are summarized in Table 1.
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number of £uorescent molecules, NF, obtained from FCS (Ta-
ble 1).
From Table 1 and Fig. 3 it becomes obvious that the addi-
tion of nucleotides (ATP or AMPPNP) to TMR-EF1 results
in a signi¢cant change of the characteristic di¡usion time tD.
After addition of 1 mM ATP, tD decreased by a factor of
0.81, while addition of 1 mM AMPPNP resulted in a decrease
of tD by a factor of 0.87. The same e¡ects could also be
observed in additional experiments where an enlarged confo-
cal detection volume was employed. Using the relation
tD =g02/4D, between the known radial 1/e2 radius, g0 = 0.65
Wm, and the characteristic translational di¡usion time, tD, the
translational di¡usion coe⁄cient, D, of TMR-EF1 can be cal-
culated: D(TMR-EF1) = 3.3U1037 cm2 s31, addition of 1 mM
ATP: D(TMR-EF1, ATP) = 4.1U1037 cm2 s31, and addition
of 1 mM AMPPNP: D(TMR-EF1, AMPPNP) = 3.8U1037
cm2 s31. It is obvious that the addition of the nucleotides
increases the di¡usion coe⁄cient of TMR-EF1, and that this
e¡ect is more enhanced with ATP.
The di¡usion coe⁄cient, D, is related to the frictional co-
e⁄cient, f, via D = kT/f, where k is the Boltzmann constant
and T the absolute temperature. At constant temperature and
viscosity, the frictional coe⁄cient, f, depends on the radius
and the shape of the molecule [17]. We therefore conclude
that binding of nucleotides (either ATP or AMPPNP) leads
to a large conformational change in the F1 part of the en-
zyme.
Similar large conformational changes in the F1 part of H-
ATPases were observed with completely di¡erent methods.
Treatment of mitochondrial MF1 with glycerol resulted in a
release of the bound nucleotides and in a large decrease of the
sedimentation coe⁄cient, s, (from 11.9 S to 8.4 S) [18]. This
large change was reversed when glycerol was removed.
Direct evidence for a large change of shape upon nucleotide
binding comes from X-ray analysis. The X-ray structure of
mitochondrial F1 with the subunits K3L3QNO containing three
AMPPNP, one ADP, and one ATP per enzyme has been
determined [19]. Recently, the X-ray structure of the subcom-
plex K3L3 from the bacillus PS 3 containing no bound nucleo-
tides has been determined as well [20]. Although the molecular
masses of the subunits K and L of PS 3 are similar to that of
mitochondrial F1 and the K3L3 complex does not contain the
Q-, N-, and O-subunits, it is much larger than the mitochondrial
F1. The main di¡erence between the two structures seems to
be that all three nucleotide binding pockets on the L-subunits
are empty and in the open conformation in K3L3, whereas in
MF1 only one L-subunit is in such a conformation. Presum-
ably, the large di¡erence between the two structures resulted
at least partly from the di¡erent nucleotide occupancy of both
enzymes. Supporting this conclusion, small-angle X-ray scat-
tering data indicated a structural change of F1 from PS 3
upon ADP binding which was modelled as a shrinkage of
the six major subunits by 6% along their major axis [21].
Best ¢ts to the FCS data of TMR labeled EF1-ATPases
were achieved only after introduction of a second bunching
term (so-called dynamic quenched term). This term character-
izes an equilibrium in the microsecond time range, which in-
£uences the £uorescence of the £uorophore. Most interest-
ingly, addition of ATP or AMPPNP a¡ected the ‘dynamic’
time, tA, of TMR-EF1 in opposite directions. With ATP the
‘dynamic’ time is shortened, indicating an acceleration of this
process with respect to TMR-EF1 without bound ATP. In
contrast, with bound AMPPNP the ‘dynamic’ time is pro-
longed. Due to the small amplitudes of this e¡ect, the quanti-
¢cation of these processes is currently di⁄cult. However, it
might be of special interest since AMPPNP binds tightly to
the enzyme but, in contrast to ATP, is not hydrolyzed. There-
fore, this ‘dynamic’ process might be associated with move-
ments of the Q-subunit during catalysis.
The data in Table 1 show longer triplet correlation times
and larger amplitudes of TMR-EF1 compared to TMR-gluta-
thione. This might be an indication that di¡usion of oxygen to
quench the triplet state of TMR is sterically hindered when
the £uorophore is attached to the protein. These data indicate
that single molecule £uorescence ^ either combined with pol-
arized excitation and emission [22] or combined with £uores-
cence correlation spectroscopy analysis ^ can provide new
information on conformational changes of the F1 part upon
nucleotide binding.
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